BEAUTY [BLAST enhanced alignment utility] is an enhanced version of the NCBI's BLAST data base search tool that facilitates identification of thefunc--tions of matched sequences. We have created new data bases of conserved regions and functional domains for protein sequences in NCBI's Entrez data base, and BEAUTY allows this information to be incorporated directly into BLAST search results. A Conserved Regions Data Base, containing the locations of conserved regions within Entrez protein sequences, was constructed by [I] clustering the entire data base into families, [2} aligning each family using our PIMA multiple sequence alignment program, and [3] scanning the multiple alignments to locate the conserved regions within each aligned sequence. A separate Annotated Domains Data Base was constructed by extracting the locations of all annotated domains and sites from sequences represented in the Entrez, PROSITE, BLOCKS, and PRINTS data bases. BEAUTY performs a BLAST search of those Entrez sequences with conserved regions and/or annotated domains. BEAUTY then uses the information from the Conserved Regions and Annotated Domains data bases to generate, for each matched sequence, a schematic display that allows one to directly compare the relative locations of [1} the conserved regions, [2] annotated domains and sites, and [3} the locally aligned regions matched in the BLAST search. In addition, BEAUTY search results include World-Wide Web hypertext links to a number of external data bases that provide a variety of additional types of information on the function of matched sequences. This convenient integration of protein families, conserved regions, annotated domains, alignment displays, and World-Wide Web resources greatly enhances the biological informativeness of sequence similarity searches. BEAUTY searches can be performed remotely on our system using the "'BCM Search Launcher" World-Wide Web pages [URL is (http:/! gc.bcm.tmc.edu:80881 search-launcher / launcher.html)).
The central goals of the human and model organism genome projects are to completely map and sequence the genes of these organisms. As work progresses, identification of the biochemical function of newly sequenced genes becomes a major challenge. Identification of gene function using traditional biochemical methods can be an extremely slow and laborious task that can take years of effort even for a single gene. Fortunately, computational methods are available that can greatly facilitate the identification of gene function. When a gene is isolated and sequenced, it can be matched against one or more of the publicly available sequence data bases, such as GenBank (Benson et al. 1993) . If a similar gene of alignments of the query with each of the matched sequences. For a sequence data base search result to be informative, two criteria must be met: (1) The query sequence must have a statistically significant match to a data base sequence (a score greater than one expected by chance alone; Karlin and Altschul 1990) , and (2) there must be information available about the function of the sequence matched. It is quite common, however, that the functions of matched sequences are not obvious from the search results. Often, sequence titles are uninformative (e.g., "ORF6") and one must laboriously retrieve and scan the full sequence data base reports to look for annotations that may identify the biological functions of the matched sequence. In addition, more often than not, functionally important conserved domains, such as enzyme active sites, are not noted as such in sequence data base records.
BEAUTY (BLAST enhanced alignment utility__) addresses this latter aspect of the sequence identification problem, providing information about the function of the data base sequences matched in BLAST searches. BEAUTY incorporates information on sequence family membership, the location of the conserved regions, and annotated domains and sites directly into BLAST search results. These enhancements make it much easier to identify the functions of matched sequences, which is particularly important when trying to analyze the biological significance of weak data base hits.
RESULTS AND DISCUSSION
TO allow easier identification of the functions of sequences matched in a data base search, we have created BEAUTY, an enhanced version of the National Center for Biotechnology Information (NCBI) BLAST search tool. BEAUTY performs a BLAST search of sequence data bases for which we have compiled functional information on each sequence. BEAUTY incorporates this information directly into BLAST search results by adding several new tables and figures to the standard BLAST output files (Table 1) . First, a table is added that lists for each data base hit (1) the sequence family to which the data base sequence belongs, (2) the number of sequences within each family matched in the search, and (3) the total number of sequences in the family (Fig. 1 ). This table allows one to quickly assess the number of different families matched in the search as well as the 174 @ GENOME RESEARCH number of family members matched for each sequence family identified. Matches to only a single member in a sequence family are much more likely to be indicative of a random or spurious similarity, whereas data base hits that include all or most members of a sequence family would provide more convincing evidence that the query sequence is indeed related to that sequence family.
A new figure is then added for each data base sequence matched. This figure shows the locations of each of the local BLAST hits within the query sequence (Fig. 2) and allows one to quickly assess if the hits occur primarily in one or a few local regions or if the hits are scattered throughout the sequence. Multiple hits within the same region of a query sequence may indicate a functionally important domain within that region. The query sequence is also compared with the PROSITE pattern data base, and the location of any matched patterns are displayed in the same figure. This allows one to immediately correlate the locations of hits with the locations of potential functional domains identified by PROSITE motif matches.
Third, for each data base sequence matched in a search, a figure is added that shows the locations of the local BLAST hits with respect to the positions of the conserved regions and any annotated sites and domains for that data base sequence (Fig. 3) . These figures allow one to quickly assess if any potential functionally important regions have been hit during the data base search. Hits within all or most of the known conserved domains within a data base sequence are much more likely to be functionally important than hits within nonconserved regions. Also, query sequences with weak matches against some or all of the conserved domains within a data base sequence are much more likely to be related than cases where only nonconserved regions are matched sequences. Matches to conserved regions can also help identify potential functionally important domains in those cases where no annotation of functional domains is provided in the data base reports. When annotated domain information is available, this figure also allows a researcher to directly correlate the locations of such domains with the positions of all local BLAST hits within the sequence. In addition, hits matching known domains and sites are readily discernible without looking up the individual data base reports for each sequence.
In addition to these enhancements, BEAUTY be obtained similarly. Links to our own alignment data base allow the multiple sequence alignment to be displayed for that family to which a given data base sequence is a member (Fig. 4) . Using the WWW interface, all of this linked information can be easily browsed for biological meaning without the distraction of performing keyword searches separately for each of these individual on-line resources, then storing each of the results. As a result, thoroughly analyzing BEAUTY search results can take significantly less time than analyzing a corresponding standard BLAST search. SBASE is another data base of sequences with annotated domains that can be remotely searched using BLAST (Pongor et al. 1994 ; URL: http://base.icgeb.trieste.it/sbase/). The GENOME RESEARCH ~1t 1 75 Cluster Title eukaryotic initiation elegans i factor 4a eifeukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e hypothetical ribonuclease 208.3 kd protein iii putative atp-dependent rrna rna helicase spb4 probable putative atp-dependent rrna rna helic p68 p68-1ike putative atp-dependent rna protei p68 p68-1ike pre-mrna putative atp atp-depende eukaryotic initiation elegans i factor 4a eifeukaryotic translation initiation rna factor e putative saccharomyces atp-dependent cerevisia eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e putative saccharomyces atp-dependent cerevisia heterogeneous nab3p rna-binding nuclear protei putative saccharomyces atp-dependent cerevisia eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation Initiatlon rna factor e a489r a498r a505r aS06r a528r a542r multigene eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e eukaryotic translation initiation rna factor e d-e- Figure 5 illustrates the general scheme used to develop BEAUTY. Details of the steps taken are described below.
METHODS

Conserved Regions Data Base Construction
TO directly incorporate information on locations of conserved regions within a matched data base sequence into BLAST search results, we have constructed a new data base of conserved sequence regions for protein sequences in the NCBI Entrez release 14 data base (v. 1.7; Epstein et al. 1994).
Locally-aligned regions (HSPs) with respect to q u e r y s e q u e n c e : 
Construction of a lqonredundant Sequence Data Set
Cluster 637.22 Members
Consensus Title: putative saecharomyces atp-dependent cerevisiae rna dead protein helicase t26g10.1 ybr142w This cluster has 23 members, and the example shown here has been shortened significantly to conserve space. Smith 1990, 1992) we clustered the PIR (George et al. 1994) or SWISS-PROT (Bairoch and Boeckmann 1992) data base into sequence families by performing all pairwise comparisons between all sequences in the data base using a high-speed sequence comparison program, such as BLAST ), then clustering the scores into family sets using a maximal linkage algorithm (Sneath and Sokal 1973) . Here, we used the NCBI's precomputed protein neighbor information, described above, to cluster Entrez sequences into related sets. Maximal linkage was used to cluster into families the BLAST neighbor link scores from the 123,220 protein sequences using a BLAST score cutoff of P--10 -3. This generated 12,669 families of 2 or more sequences per set (comprised of 97,521 sequences) with 25,699 other sequences (singletons) not clustered into any family.
Multiply Aligning Each Family Using P/HA
To identify the conserved regions within the sequences of each family, each sequence set was multiply aligned using PIMA, our pattern-induced multiple-sequence alignment program (Smith and Smith 1992) . PIMA constructs a single regular expression-like "covering" pattern for each family during the multiple alignment Smith 1990, 1992) . The patterns are generated using a predefined set of amino acid classes (I. Ladunga, B. Wiese, and R.F. Smith, in prep.) . The patterns represent the smallest amino acid class that includes (covers) the set of amino acids observed at each aligned column in the alignment (Smith and Smith 1990) . Gapped positions in an alignment are converted into gap characters ("g") in patterns and each gap character can function as 0 or 1 amino acid of any type during subsequent pattern alignment. If, during multiple alignment, the information content of a pattern constructed by the alignment of two subfamilies drops below a minimum threshold of lO-aminoacid equivalents (Smith and Smith 1990) , then the alignment process is terminated. The multiple alignments of all subfamilies identified at this stage are then collected. This process generated a total of 13,368 multiple alignments from the original set of 12,669 families.
Scanning Alignments for Fragments
In PIMA alignments, the final ("root") covering pattern represents those sequence elements common to all members of the aligned set Smith 1990, 1992) . Because a root pattern can be no longer than the shortest sequence in the set, the presence of one or more sequence GENOME RESEARCH ~ll 179 fragments in an alignment can significantly reduce the information content of the final patterns. However, we do not want to totally eliminate fragments from the families because a significant amount of information on sequence variability would be lost if that were done. Also, the definition of what constitutes a sequence fragment is often unclear. In some families there is a wide range of sequence lengths varying evenly from the largest to the smallest, so that any objective definition of a fragment would be totally arbitrary. Also, although some sequence fragments are labeled "fragment" or "partial peptide" in their data base entries, these sequences represent only a fraction of the fragments that we have identified in the Entrez data base.
To include sequence fragments in multiple alignments while at the same time preventing them from reducing alignment lengths, we have implemented the following procedure: The PIMA multiple-alignment method is based on a progressive pairwise alignment approach Smith 1990, 1992) . The order of pairwise alignments is based on the branching order of a dendrogram produced by a maximal linkage clustering algorithm. During alignment construction, an initial covering pattern is constructed from the alignment of the two most similar sequences in the dendrogram. Patterns are similarly constructed for each node in the dendrogram by moving down the tree, aligning at each node the patterns/ sequences connected by the next most similar node. If, at any node, one of the two aligned patterns/sequences is a specified percentage shorter than the longer of the two inputs (default: 20%), then the longer pattern/sequence is saved to a separate file. The alignment/pattern construction process is then continued with the common (now shorter) pattern, as normal. Each saved alignment file is then added to the alignment data base. In this manner, sequence information from the longer sequences as well as from the fragments can be represented in the alignment data base.
We have also implemented the following modification of this method to retain and utilize information from sequence families with subfamily members containing heterologous domains (e.g., a subfamily with domains A and C grouped with a subfamily containing domains B and C, as may occur with different receptor protein kinase subfamilies sharing a common catalytic domain). If, at any node during pattern construction, the pattern resulting from the alignment of the two input patterns/sequences is a specified percentage shorter than the shortest of the two inputs (default: 20%), then both input pattern/sequence files are saved, and the process continued. Thus, in the example above, information from heterologous domains A and B will be saved (in files with AC and BC patterns) and represented in the pattern data base as well as the final pattern resulting from all of the alignments of the homologous C domains.
Scanning the initial 13,368 PIMA alignments for fragments and heterologous domains generated an additional 10,762 alignments. The alignments were then scanned for those containing only identical sequences, and such sets were removed from the alignment data base (these alignments primarily contained very short identical sequences with BLAST probability (P) values greater than the 10 mo score cutoff used during the initial screen for redundant sequences). This eliminated 1714 alignments, leaving a final set of 22,416 alignments. Each of the alignments was then given a unique cluster identifier (Clus_ID); alignments generated by removing fragments were given a unique cluster identifier extension.
Identifying Conserved Regions Within Aligned Sequences
The 22,416 alignments were then scanned for information-dense regions using a program we have developed previously (Smith and Smith 1992) . This program extracts all local regions of length n or longer within a multiple alignment that have an information density (ID) above a set threshold, T. To generate a list of conserved regions for each sequence in a multiple alignment, T was set to 1.S times the average ID of the entire alignment. Alignments having no regions above this threshold (e.g., those composed entirely of nearly identical sequences) will therefore not contribute to this data set.
The 346,890 conserved regions generated with this procedure were used to construct a Conserved Regions Data Base. This data base contains four tables: Cluster, Cluster-Locus, Locus, and Domain. For each cluster identifier (Clus_ID), the Cluster table lists the number of sequences in the cluster and the consensus Cluster Title. The consensus Cluster_Title is made up of the ten most common words used in each of the sequence title lines, in the rank order of most common occurrence. The ClusterLocus table links each Clus_ID to each of the locus names of the sequences in that cluster. The Locus table lists the number of domains in the sequence for each locus name.
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Finally, the Domain table lists, for each sequence, the domain information (domain number, domain start position, and domain length) for each conserved region in the sequence.
Sequence Data Base Construction: The CROS and CRSeq Data Bases
Sequences represented in the Conserved Regions Data Base were used to create two new sequence data bases for use in BEAUTY searches (Table 2 ). The CROS (conserved regions only sequence) data base consists of the sequences from each alignment for which all nonconserved regions within each sequence have been converted to X's. This eliminates spurious matches to nonconserved regions during data base searching, reducing potential false-positive matches to nonrelated sequences. The 93,354 entries in the CROS data base were derived from 60,815 sequences (a sequence can contribute more than one entry in the CROS data base because sequences can be included in more than one alignment for those families containing one or more sequence fragments).
The CRSeq (conserved regions sequence) data base contains 60,815 full-length sequences (i.e., with both conserved and nonconserved regions represented) comprising all sequences that have at least one conserved region. Using the CRSeq data base, local BLAST hits are not restricted solely to the conserved regions but can occur anywhere within the data base sequence. Matches to a data base sequence in the CRSeq data base can thus have a potentially higher score than a match to the corresponding sequence in the CROS data base. Comparison of query sequences to both data bases is therefore recommended.
Annotated Domains Data Base Construction
A data base of annotated domains/sites was created by combining annotations from four sources, described below (Fig. 5) . The following information was stored for each annotation: (1) the sequence's "gi" number (the GenInfo ID; NCBI's unique identifier for sequences across multiple data bases), (2) the source of the annotation (PROSITE, BLOCKS, etc.), (3) the annotation type (domain, site, etc.,), if applicable, (4) a comment/title line for the annotation, and (5) the starting position and length of the annotated region with respect to the first residue of the sequence. The four annotation sources were: Epstein et al. 1994) were scanned for any annotations describing known domains and sites within each sequence. The gi number (GenInfo ID) was used as the unique identifier for each sequence. The feature table entries "region" or "site" provided the annotation type, whereas the "comment" and the location ("start" and "length") of the domain were taken directly from the corresponding feature table fields. This generated 81,053 annotations, originating primarily from PIR (George et al. 1994 ) and SWISS-PROT (Bairoch and Boeckmann 1992) sequence reports.
Z PROSITE
Each sequence in the Entrez data base was compared with the patterns in PROSITE (release 12.1; Bairoch 1992; containing 1022 patterns) using the Prosite program (version 2.1.4; K. Hartmuth and M.D. Zorn, unpub.) with a minimum pattern length of four. The start position and length of each match were stored. The comment field was taken from the "ID" (pattern name) and "DE" (pattern description) labeled lines in PROSITE data base. These matches yielded 84,051 annotations.
BLOCI~
All of the conserved sequence blocks were extracted from sequences represented in the BLOCKS data base (version 8.0; Henikoff and Henikoff 1991 , 1992 . Sequence locus names were converted to gi's using the accession search capability of Entrez (Epstein et al. 1994) . The comment field was extracted from the ID and DE lines of BLOCKS data base. The length was taken from the corresponding "BL" line that contains the block length. This generated 44,680 BLOCKS annotations.
PRINTS
All domains designated as "final motifs" were extracted from sequences represented in the PRINTS protein fingerprint data base (version 6.0; . The "fd" line of the PRINTS data base contains the name of the protein motif, the sequence accession name for the sequence that contains the motif, and the start position of the motif in the sequence. For each fd line, the accession name was converted to a gi using the accession search capability of Entrez (Epstein et al. 1994 ) and the start position was extracted. The comment field was taken from of the "fc" (motif code) and "ft" (motif title) labeled lines listed for each motif, and the length was taken from the corresponding "fl" (motif length) line. This yielded 37,981 PRINTS annotations.
Constructing an Annotated Sequence Data Base
All of the nonredundant Entrez sequences containing at least 1 of the 247,765 annotated domains or sites were used to create a separate Annotated Sequence Data Base.
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This data base currently contains 55,566 sequences (Table  2 ; Fig. 5 ).
BEAUTY Program Implementation
BEAUTY is an enhanced version of the NCBI's BLASTP program ) created by adding three new routines to the BLASTP "C" code (v. 1.4.7; last modified 10/16/94). The first function adds a table of sequence family information to the BLAST output (Fig. 1) . This function (print_domain_headers) requires the BLAST hit list pointer, the P value cutoff, and the query name. The second function draws a figure showing the locations of the locally aligned regions (HSPs, high-scoring segment pairs) with respect to the query sequence (Fig. 2) . This function (draw_ hits) requires the hit list pointer, the query sequence length, and the P value cutoff. The third function draws, for each data base sequence hit, a figure showing the relative positions of all conserved and annotated domains as well as the locally aligned regions in the data base sequence matched (Fig. 3 ). This function (draw_pictures) requires the hit list pointer, the query name, and the sequence length. All three functions are written in the C programming language, to be compatible with the original BLAST program. The three functions access the Conserved Regions and Annotated Domains data bases via calls to gdbm functions (_GNU database management C library). The gdbm functions directly access binary-formatted hash files generated from the appropriate data base tables.
Updates and Availability
The CROS, CRSeq, and Annotated Domains data bases will be updated to correspond to the latest version of Entrez with every other Entrez release (approximately three times a year). The data base construction is largely automated, and adjustments will be made as necessary to accommodate format changes in Entrez and BLAST. Questions regarding the availability of the BEAUTY source code and the CROS, CRSeq, and Annotated Domains data bases should be addressed to R.F.S.
WWW Access
BEAUTY searches are available to the community via the "BCM Search Launcher" WWW pages (URL: http:// gc.bcm.tmc.edu:8088/search-launcher/launcher.html; R.F. Smith, B.A. Wiese, M.K. Wojzynski, and K.C. Worley, in prep.). Users can input a query protein sequence into a WWW input form that launches a BEAUTY search on our local server. After the search is complete, the BEAUTY search results are passed through the NCBI's BLAST output filter (an awk script; Herve Recipon, 1995) to generate a HyperText Markup Language (HTML) version of the output. This filter also adds an embedded hypertext link for each data base sequence matched that allows a user to immediately view the data base sequence report for that sequence.
The output is then passed to a multifunctional perl (Wall and Schwartz 1990) script we have developed. This script first matches the query sequence against the PRO-SITE pattern data base (Bairoch 1992 ) using the Prosite program described above. This generates a graphic that is incorporated into BEAUTY search output, showing the locations of any PROSITE pattern matches within the query sequence (Fig. 2) . The script next adds several additional hypertext links for each data base sequence matched in a BEAUTY search (see Fig. 3 ). The "E" link retrieves a set of Entrez data base links to additional sequence-related information, such as the MEDLINE abstracts and GenBank reports. The "R" link retrieves a set of links to protein sequences related to the matched data base sequence (using the Entrez protein neighbor information). The "S" link retrieves the SRS (Etzold and Argos 1993) report for the sequence matched. SRS sequence reports include links to related information obtained from >30 multiple crossreferenced and linked data bases. The final output file is then displayed to the user as an HTML document that can be saved and viewed later with the links intact.
